Formation of ordered arrays of Ag nanowires and nanodots on stepped Si(557) silicon surface have been studied by scanning tunneling microscopy, low energy electron diffraction and Auger electron spectroscopy. It was found that the shape ofthe Ag islands being formed depends drastically on preliminary exposure of a Si sample in the vacuum chamber.
INTRODUCTION
In connection with the needs of electronics and computing technique there is an important task of fabrication of the quantum dot and quantum wire type components of nanoelectronics with the characteristic sizes in the range of several nanometers. Such objects cannot be prepared using the modern lithographic methods. Therefore the use of self-assembly processes becomes a promising way of solving this problem. Self-assembly is understood as the formation of ordered metal and semiconductor nanostructures of required sizes, shape, with definite density and order on a substrate surface without application of lithographic methods. In this case the arrangement of the nanostructures on a substrate surface is being determined by the surface structure and morphology, by adsorbed foreign atoms, and by the growth conditions such as deposition rate and sample temperature.
In spite of significant interest to these objects, a number of systems that allow formation of such nanostructures is limited. Most ofthe published work on self-assembled nanostructures is devoted to the nanodots of semiconductors [1] [2] [3] [4] . Few papers are concerned with self-assembled nanowires as they are much harder to form [5, 6] . The number of papers concerned with the formation of metallic nanowires and nanodots is even less [7, 8] .
The aim of the present work was to explore a possibility of the formation of silver nanowires and nanodots on the Si(557) surface containing regularly spaced Si(111) terraces and steps ofthree bilayer height. The use of stepped surface as a substrate may facilitate the ordering of forming nanostructures. The study was carried out by scanning tunneling microscopy (STM), low energy electron diffraction (LEED) and Auger electron spectroscopy (AES) in an ultra-high vacuum chamber with the pressure ofthe residual atmosphere of about 10b0 Ton.
EXPERIMENTAL
Clean Si(111) and Si(557) surfaces were prepared by carefully degassing a sample in a vacuum chamber at 600°C followed by a short flash to 1250°C to desorb the native oxide. Samples were resistively heated by a direct current. The current direction was parallel to the steps on the Si(557) samples to avoid from the electromigration induced step bunching. The temperature of a sample was monitored by an optical-disappearing filament pyrometer.
Si(557) samples were additionally treated following the procedure described in Ref.
[9] to obtain the equilibrium surface configuration at room temperature. After flashing at 1250°C the temperature of the Si(557) sample was lowered quickly to 1060°C, and the sample was sustained at this temperature for 30 s. Then the sample was quenched to 830°C, annealed at this temperature for 20 mm, and cooled down to room temperature during 20 mm.
Ag was deposited on a Si substrate at room temperature. Silver flux was calibrated measuring the share of a surface
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The aim of the present work was to explore a possibility of the formation of silver nanowires and nanodots on the Si(557) surface containing regularly spaced Si(1 1 1) terraces and steps ofthree bilayer height. The use of stepped surface as a substrate may facilitate the ordering of forming nanostructures. The study was carried out by scanning tunneling microscopy (STM), low energy electron diffraction (LEED) and Auger electron spectroscopy (AES) in an ultra-high vacuum chamber with the pressure ofthe residual atmosphere ofabout 10b0 Torr.
EXPERIMENTAL
Ag was deposited on a Si substrate at room temperature. Silver flux was calibrated measuring the share of a surface area with an Si(1 1 1)-x -Ag structure after depositing a submonolayer amount of silver on an Si(1 1 1) sample, which was kept at 400°C. According to the honeycomb-chained triangle model [10] , the saturation coverage of the Si(1 1 1)-< -Ag surface structure is 1 ML (ML is monolayer). That is the Si(1 1 1)-x -Ag surface contains one Ag atom per each Si surface atom.
The surface composition was determined by AES, using Auger Si LVV (92 eV), Ag MNN (351 eV) and 0 KLL (503 eV) electron peaks. The sensitivity factors were taken from Ref. [1 1] . To calculate the surface concentration of oxygen, we used a model ofuniformly distributed 0 submonolayer on an Si substrate [12] . The detection limit of oxygen was about 0.02 ML.
RESULTS AND DISCUSSION
3.1 Structure of clean Si(557) surface A possible way of forming self-organized nanostructures is the employment of vicinal surfaces with regular atomic steps as templates [5-8, 13, 14] . Vicinal Si(1 1 1) surfaces inclined towards the [T 12] direction contain alternating 1(111) terraces and one and three bilayer high steps at temperatures below 870°C [15] [16] [17] . The share of triple steps increases with an increase ofthe inclination angle ofthe vicinal surface [17] . The Si(557) surface is inclined relative to the (111) plane at 9.5° towards the [T 12] direction and it contains only triple steps (Fig. la) . In this case the Si(11 1) terraces hold single unit cell of the 7x7 surface structure (Fig. lb.) . The period of the staircase of triple steps on this surface is 5.73 nm. Therefore, the Si(557) surface is promising for the formation of the ordered arrays of nanostructures [9] . The quality of clean silicon surface can be estimated from large scale STM image ( area with an Si(1 1 1)-x sJ-Ag structure after depositing a submonolayer amount of silver on an Si(1 1 1) sample, which was kept at 400°C. According to the honeycomb-chained triangle model [10] , the saturation coverage of the Si(1 1 1)-/-x -Ag surface structure is 1 ML (ML is monolayer). That is the Si(1 1 1)-x -Ag surface contains one Ag atom per each Si surface atom.
3.1 Structure of clean Si(557) surface A possible way of forming self-organized nanostructures is the employment of vicinal surfaces with regular atomic steps as templates [5-8, 13, 14] . Vicinal Si (1 1 1) surfaces inclined towards the [T T2] direction contain alternating Si (1 11) terraces and one and three bilayer high steps at temperatures below 870°C [15] [16] [17] . The share of triple steps increases with an increase of the inclination angle of the vicinal surface [17] . The Si(557) surface is inclined relative to the (111) plane at 950 towards the [1 12] direction and it contains only triple steps (Fig. la) . In this case the Si(l 11) terraces hold single unit cell of the 7x7 surface structure (Fig. lb. ). The period of the staircase of triple steps on this surface is 5.73 nm. Therefore, the Si(557) surface is promising for the formation of the ordered arrays of nanostructures [9] . The quality of clean silicon surface can be estimated from large scale STM image ( 3.2 Effect of preliminary exposure of a sample in a vacuum on the shape of Ag islands It was found that the preliminary exposure of a sample in the vacuum chamber strongly affects the shape of growing silver islands. Fig. 2a shows an STM image of an Si(557) surface after the . adsorption of 4 ML of silver at room temperature, immediately after the cleaning procedure. One can see that the array of randomly scattered wide Ag islands have formed on the silicon surface. The size ofthe silver islands varies a lot. The islands overlap several Si(1 11) terraces.
It was established that in the coverage range from 2 to 6 ML of silver the islands density is kept constant while the average size of islands increases. (557) and Si(1 11) surfaces after sample exposures in the vacuum chamber at pressure of residual atmosphere p5.Ox 10b0 Torr, followed by silver deposition on silicon surface at room temperature. The pressure in the vacuum chamber was deliberately increased to shorten the duration of exposure. 3.2 Effect of preliminary exposure of a sample in a vacuum on the shape of Ag islands It was found that the preliminary exposure of a sample in the vacuum chamber strongly affects the shape of growing silver islands. Fig. 2a shows an STM image of an Si(557) surface after the adsorption of 4 ML of silver at room temperature, immediately after the cleaning procedure. One can see that the array ofrandomly scattered wide Ag islands have formed on the silicon surface. The size ofthe silver islands varies a lot. The islands overlap several Si(1 1 1) terraces.
It was established that in the coverage range from 2 to 6 ML of silver the islands density is kept constant while the average size of islands increases. (557) and Si(1 11) surfaces after sample exposures in the vacuum chamber at pressure of residual atmosphere p5.Ox 10b0 Torr, followed by silver deposition on silicon surface at room temperature. The pressure in the vacuum chamber was deliberately increased to shorten the duration of exposure. shows an STM image of the array of Ag nanowires formed on the Si(557) surface after its exposure in the vacuum chamber at a pressure of 5.0x101° Torr for 15 mm, followed by the adsorption of 4 ML of Ag at room temperature. The pressure in the vacuum chamber during the exposition of clean surface was raised up to 5.Ox 10b0 Torr by slightly opening the gate to the lock chamber. The width ofthe majority ofAg nanowires is close to that ofthe Si(111) terraces and amounts to 3 nm. In our experiments sparse wide Ag islands overlapping two or more Si (1 1 1) terraces also formed on this surface. We could obtain nanowires with a length of up to 150 nm at a Ag coverage of 6 ML. However, the increase ofthe Ag coverage causes an abrupt increase in the number ofwide Ag islands.
Sample exposure at a pressure of 5.Ox 10b0 Torr for two hours before Ag growth leads to the formation of arrays of Ag nanodots with the density up to 3 x 1012 cm2. Fig. 2c shows the STM image of a Si(557) surface after the adsorption of 2 ML of silver at room temperature. The formed nanodots are located on the Si (1 1 1) terraces and are arranged in lines parallel to the triple steps. The lateral sizes of nanodots are limited by the width of the Si (1 1 1) terrace, so the size distribution is relatively narrow. Figure 2d shows the STM image of Ag nanodots formed on the Si (1 1 1) surface under conditions similar to those at which the nanodots on the Si(557) surface were formed (see Fig. 2c ). One can see that in the absence oftriple steps the nanodots are randomly distributed on the surface.
The average height of the formed Ag nanostructures is 1 nm and the average width is about 3 nm. The wavelength of electrons at the Fermi level in silver is 0.5 nm, i.e. it is comparable with the sizes of the silver nanostructures.
Therefore, one can expect that these nanostructures have quantum-size properties.
3.3 AES data on the composition of the Si(111) and Si(557) surfaces after exposure in a vacuum Apparently, the change ofthe shape of Ag islands is caused by the adsorption of impurities on the silicon surface from a residual atmosphere in the vacuum chamber. However, the amount of impurities on the silicon surface after sample exposures was below the detection limit of our Auger system. Therefore to determine the possible impurities we studied the surface composition after longer exposures. The only impurity we found by AES on Si(1 1 1) and Si(557) surfaces after the exposure at a pressure of 1.6x101° Torr for 24 hours was oxygen. The oxygen coverage on Si(111) and Si(557) surfaces was 0.06 ML and 0.1 ML, respectively (Fig. 3) . The Si(557) surface consists of (1 1 1) terraces and triple steps having (113) orientation [18] . Therefore, it can be calculated that the Si(557) surface area which is in contact with the residual gases is only 1.1 times bigger than that of the Si (1 11) surface. This cannot be the cause of the difference between the values of oxygen coverage on the Si(1 1 1) and Si(557) surfaces. Thus, the difference in oxygen coverage on Si(111) and Si(557) surfaces can be attributed to the preferential adsorption of oxygen atoms on the triple step edges, probably, because the density ofthe dangling bonds on the step edges is higher than that on Si(111) terraces. 
(b) Figure 2b shows an STM image ofthe array ofAg nanowires formed on the Si(557) surface after its exposure in the vacuum chamber at a pressure of 5.0x101° Torr for 15 mm, followed by the adsorption of 4 ML of Ag at room temperature. The pressure in the vacuum chamber during the exposition of clean surface was raised up to 5.Ox 10b0 Torr by slightly opening the gate to the lock chamber. The width ofthe majority ofAg nanowires is close to that ofthe Si(111) terraces and amounts to 3 nm. In our experiments sparse wide Ag islands overlapping two or more Si(1 1 1) terraces also formed on this surface. We could obtain nanowires with a length of up to 150 nm at a Ag coverage of 6 ML. However, the increase ofthe Ag coverage causes an abrupt increase in the number ofwide Ag islands. Sample exposure at a pressure of 5.Ox 1O' Torr for two hours before Ag growth leads to the formation of arrays of Ag nanodots with the density up to 3x1012 cm2. Fig. 2c shows the STM image of a Si(557) surface after the adsorption of 2 ML of silver at room temperature. The formed nanodots are located on the Si (1 1 1) terraces and are arranged in lines parallel to the triple steps. The lateral sizes of nanodots are limited by the width of the Si (1 1 1) terrace, so the size distribution is relatively narrow. Figure 2d shows the STM image of Ag nanodots formed on the Si(1 1 1) surface under conditions similar to those at which the nanodots on the Si(557) surface were formed (see Fig. 2c ). One can see that in the absence of triple steps the nanodots are randomly distributed on the surface.
3.3 AES data on the composition ofthe Si(111) and Si(557) surfaces after exposure in a vacuum Apparently, the change of the shape of Ag islands is caused by the adsorption of impurities on the silicon surface from a residual atmosphere in the vacuum chamber. However, the amount of impurities on the silicon surface after sample exposures was below the detection limit of our Auger system. Therefore to determine the possible impurities we studied the surface composition after longer exposures. The only impurity we found by AES on Si(1 11) and Si(557) surfaces after the exposure at a pressure of 1.6x101° Torr for 24 hours was oxygen. The oxygen coverage on Si(1 11) and Si(557) surfaces was 0.06 ML and 0.1 ML, respectively (Fig. 3) . The Si(557) surface consists of (1 1 1) terraces and triple steps having (113) orientation [18] . Therefore, it can be calculated that the Si(557) surface area which is in contact with the residual gases is only 1.1 times bigger than that of the Si(111) surface. This cannot be the cause of the difference between the values of oxygen coverage on the Si(1 1 1) and Si(557) surfaces. Thus, the difference in oxygen coverage on Si(111) and Si(557) surfaces can be attributed to the preferential adsorption of oxygen atoms on the triple step edges, probably, because the density ofthe dangling bonds on the step edges is higher than that on Si (1 1 As long as the oxygen concentration is low, the amount of adsorbed oxygen on the silicon surface is proportional to the pressure of residual atmosphere in the vacuum chamber and the exposition time. Therefore it is possible to estimate the oxygen coverages on the Si(557) surface needed for formation ofAg nanowires and nanodots. For the nanowire array the oxygen coverage was 0.003 ML, and for nanodot array was 0.025 ML.
The adsorbed oxygen on the silicon surface acts like a surfactant affectig the shape of Ag islands during growth [19. The possible mechanism of this effect can be described as follows. Atoms of the adsorbed oxygen saturate the dangling bonds on the silicon surface and thus change the surface free energy. As a result Ag does not wet the surface areas covered by oxygen. Ag islands could be formed only within the areas which did not contain oxygen. Thus, adsorbed oxygen forms a mask for the silver on the silicon surface. At low expositions oxygen atoms are incorporated into the edges of the triple steps. Therefore, at low oxygen coverages Ag forms nanowires on (1 1 1) terraces of the Si(557) surface (Fig. 4) . With the increase of an exposition, the oxygen coverage on (1 1 1) terraces increases and this results in the formation of nanodots.
3.4 Structure ofAg islands on Si(111) and Si(557) surfaces Figure 5 shows STM and LEED patterns of Si (11 1) surface after adsorption of 6 ML of silver at room temperature. One can see that silver do not form continuous layer (Fig. 5a ). The LEED pattern in Fig. 5b shows the diffraction spots from silicon substrate and from flat tops of Ag islands. As it follows from the symmetry and the positions of diffraction spots the Ag islands are epitaxial and their flat tops have the (11 1) orientation. Besides, the diffraction spots from Ag islands are azimuthally brodened and have an angular width of about 6°. This indicates that Ag islands are randomly rotated around the [11 1] axis for and they form the mosaic structure [20] .
As it follows from our LEED data, the Ag islands grown on Si(557) surface have no mosaic structure. This effect can be caused by the ordering effect of the triple steps. Moreover, the LEED data indicate that flat tops of Ag nanowires and nanodots are parallel to the terrace plane, whreas flat tops of the wide silver islands overlapping several Si (1 11) terraces are inclined at about 3° in the step-down direction relative to the (111) terraces. This is confirmed by STM profiles (Fig. 6a.) . It was found that the angle between the (1 11) top of an Ag island and its side face oriented in the stepdown direction is about 55°. Therefore, the side plane has the (100) orientation. However, due to the finite size of the STM tip this is only a rough evaluation ofthe angle.
(b) As long as the oxygen concentration is low, the amount of adsorbed oxygen on the silicon surface is proportional to the pressure of residual atmosphere in the vacuum chamber and the exposition time. Therefore it is possible to estimate the oxygen coverages on the Si(557) surface needed for formation ofAg nanowires and nanodots. For the nanowire array the oxygen coverage was 0.003 ML, and for nanodot array was 0.025 ML.
The adsorbed oxygen on the silicon surface acts like a surfactant affectig the shape ofAg islands during growth [19. The possible mechanism of this effect can be described as follows. Atoms of the adsorbed oxygen saturate the dangling bonds on the silicon surface and thus change the surface free energy. As a result Ag does not wet the surface areas covered by oxygen. Ag islands could be formed only within the areas which did not contain oxygen. Thus, adsorbed oxygen forms a mask for the silver on the silicon surface. At low expositions oxygen atoms are incorporated into the edges of the triple steps. Therefore, at low oxygen coverages Ag forms nanowires on (1 1 1) terraces of the Si(557) surface (Fig. 4) . With the increase of an exposition, the oxygen coverage on (1 1 1) terraces increases and this results in the formation of nanodots.
3.4 Structure ofAg islands on Si(111) and Si(557) surfaces Figure 5 shows STM and LEED patterns of Si (1 1 1) surface after adsorption of 6 ML of silver at room temperature. One can see that silver do not form continuous layer (Fig. 5a ). The LEED pattern in Fig. 5b shows the diffraction spots from silicon substrate and from flat tops of Ag islands. As it follows from the symmetry and the positions of diffraction spots the Ag islands are epitaxial and their flat tops have the (1 1 1) orientation. Besides, the diffraction spots from Ag islands are azimuthally brodened and have an angular width of about 6°. This indicates that Ag islands are randomly rotated around the [11 1] axis for and they form the mosaic structure [20] . As it follows from our LEED data, the Ag islands grown on Si(557) surface have no mosaic structure. This effect can be caused by the ordering effect of the triple steps. Moreover, the LEED data indicate that flat tops of Ag nanowires and nanodots are parallel to the terrace plane, whreas flat tops of the wide silver islands overlapping several Si (1 11) terraces are inclined at about 3° in the step-down direction relative to the (1 1 1) terraces. This is confirmed by STM profiles (Fig. 6a.) . It was found that the angle between the (1 11) top ofan Ag island and its side face oriented in the stepdown direction is about 55°. Therefore, the side plane has the (100) orientation. However, due to the finite size of the STM tip this is only a rough evaluation ofthe angle.
(b) 
CONCLUSIONS
We have demonstrated that the ordered arrays of Ag nanowires and nanodots could be grown in ultra-high vacuum on the Si(557) surface containing regular steps of three bilayer height. It has been found that the adsorption of a small amount of oxygen ( 1% of a monolayer) from the residual atmosphere in the vacuum chamber strongly affects the shape of growing silver islands. Thus, the arrays of silver nanowires elongated along steps and silver nanodots, arranged in lines parallel to the steps, can be formed on the Si(557) surface depending on the amount of adsorbed oxygen.
Ag islands have flat tops of the (1 1 1) orientation. The side planes faced in the step-down direction have the (100) orientation. Flat tops of Ag nanowires and nanodots are parallel to the terrace plane, whereas flat tops of the wide silver islands overlapping several terraces are inclined at about 3° in the step-down direction relative to the Si (1 1 1) terrace. The Ag islands grown on flat Si(1 1 1) surfaces show mosaic structure, whereas the islands grown on Si(557) surfaces do not. (1 1 1) and Si (1 11) interplanar distances. This is the reason for the inclination ofthe wide Ag islands relative to the Si(111) terraces, as it is shown schematically in Fig. 6b . The (111) interplanar distances in Si and Ag are 0.3 14 and 0.236 nm, respectively. Thus, the difference between the heights of a triple Si step and a triple Ag(1 1 1) layer is 0.234 nm. The calculated inclination angle ofthe wide Ag islands is thus ct=arcsin(O.234/5.73)=2.3°, which is close to the experimentally measured value.
Ag islands have flat tops of the (1 1 1) orientation. The side planes faced in the step-down direction have the (100) orientation. Flat tops of Ag nanowires and nanodots are parallel to the terrace plane, whereas flat tops of the wide silver islands overlapping several terraces are inclined at about 3° in the step-down direction relative to the Si (1 1 1) terrace. The Ag islands grown on flat Si(1 1 1) surfaces show mosaic structure, whereas the islands grown on Si(557) surfaces do not.
